Pleckstrin homology domain and leucine-rich repeat protein phosphatase 1 (PHLPP1) inhibits protein kinase B (AKT) survival signaling in neurons. Small molecule pan-PHLPP inhibitors (selective for PHLPP1 and PHLPP2) may offer a translatable method to induce AKT neuroprotection. We tested several recently discovered PHLPP inhibitors (NSC117079 and NSC45586; benzoic acid,
Introduction
Pleckstrin homology domain and leucine-rich repeat protein phosphatases (PHLPPs) are ubiquitous serine/threonine phosphatases. Two PHLPP isoforms have been identified (PHLPP1 and PHLPP2). Furthermore, there are two PHLPP1 splice variants (PHLPP1a and PHLPP1b/suprachiasmatic nucleus circadian oscillatory protein). PHLPP1b/suprachiasmatic nucleus circadian oscillatory protein was first isolated from rat suprachiasmatic nucleus (Shimizu et al., 1999) . Shortly thereafter PHLPP1a and PHLPP2 were discovered (Gao et al., 2005; Brognard et al., 2007) . AKT is a key substrate of PHLPPs. Both isoforms inhibit AKT by dephosphorylation of Ser473, which induces cell death in cancer cells. PHLPP1 selectively targets/inhibits the AKT2 and AKT3 isoforms. PHLPP2 selectively targets/inhibits the AKT1 and AKT3 isoforms (Gao et al., 2005; Brognard et al., 2007) . PHLPP1 inhibits AKT in neurons and astrocytes, but it is currently unknown if PHLPP2 serves similar functions in these cells.
AKT protects neurons from injury and stress and is a promising neurotherapeutic to treat brain ischemia (Fukunaga and Kawano, 2003; Luo et al., 2003; Jo et al., 2012) . Recent studies confirm that PHLPP1 promotes CNS injury by inhibiting AKT. PHLPP1 KD in HT22 cells (an immortalized hippocampal neuron-derived cell line) activated AKT and protected against oxygen-glucose deprivation injury (Chen et al., 2013) . In addition, PHLPP1 (2/2) KO mice had elevated AKT and were protected from experimental stroke induced by middle cerebral artery occlusion. Pretreatment with an AKT inhibitor completely prevented the protective phenotype (Chen et al., 2013) .
PHLPP1 also inhibits extracellular regulated kinase (ERK). However, ERK and AKT are not regulated by the same mechanism. AKT is directly dephosphorylated by the protein phosphatase 2C (PP2C) domain in PHLPP1 (Gao et al., 2005) . In contrast, ERK is indirectly inhibited by the PHLPP1 leucine-rich repeat (LRR) domain. Specifically, in neurons, the upstream GTPase K-RAS stimulates ERK phosphorylation. PHLPP1 binds to K-RAS (via its LRR domain) and prevents activation of the Ras-Raf-MEK-ERK cascade, which then prevents ERK phosphorylation (Shimizu et al., 2003) . Thus, different PHLPP1 mechanisms inhibit AKT and ERK. The manner (or method) in which PHLPP1 is therapeutically targeted affects kinase activation. Total protein KD (e.g., by shRNAs) inhibits all functional domains (including the PP2C and LRR) causing both AKT and ERK to activate (Jackson et al., 2010) . In contrast, selectively targeting the PP2C domain using small molecule inhibitors only activates AKT (Sierecki et al., 2010) . The choice in PHLPP1 targeting strategy (for neuroprotection) may have important consequences on outcomes in global brain ischemia.
Studies show AKT activation, but not ERK, is neuroprotective after global brain ischemia. Pharmacological blockade of ERK reduced neuronal death in piglets injured by deep hypothermic circulatory arrest (Cho et al., 2004) . In a similar study, ERK activation was elevated by low flow cardiopulmonary bypass-induced ischemia in piglets, which correlated with neuronal death in this model . Finally, cardiac arrest (CA)-induced hippocampal CA1 death was associated with ERK activation in rats (Ozawa et al., 1999) . In contrast, endogenous AKT activation was shown to be a key protective mechanism in the hippocampus after transient global brain ischemia in rats (Endo et al., 2006) . Furthermore, therapeutic hypothermia (the standard of care therapy for some forms of global brain ischemia in humans) is less protective in AKT1 KO mice (Beiser et al., 2010) .
Experimental pan-PHLPP inhibitors including NSC117079 and NSC45586 were recently identified (Sierecki et al., 2010) . These agents reportedly (selectively) target the PP2C phosphatase domain of PHLPP1 and PHLPP2 (i.e., the key site of AKT dephosphorylation and inactivation). In kidney (COS-7) and colon (HT29) cells, PHLPP inhibitors potentiate AKT activation but not ERK (Sierecki et al., 2010) . These compounds may offer a translatable therapy to target prodeath PHLPP1 mechanisms in global brain ischemia. However, they must first be tested in primary CNS cells. Here we investigate if several PHLPP inhibitors (NSC117079 and NSC45586) selectively activate AKT in primary rat cortical neurons and astrocytes. Furthermore, because PHLPP1 is abundant in the ischemia vulnerable CA1 hippocampal subregion and it inhibits AKT activation in primary hippocampal neurons, we explored if key brain phosphatases (including PHLPP1 and PHLPP2) increased in the rat hippocampus after CA (Jackson et al., 2009 (Jackson et al., , 2010 .
Materials and Methods

Animals
Adult and embryonic Sprague-Dawley (SD) rats were purchased from Charles River (Wilmington, MA). All procedures were approved by the Institution Animal Care and Use Committee of University of Pittsburgh.
Experimental Compounds and Reagents
NSC117079 and NSC45586 were generously provided at request from the National Cancer Institute Division of Cancer Treatment and Diagnosis. Compounds were provided in opaque glass vials. PHLPP inhibitors were dissolved in 100% dimethylsulfoxide (DMSO) and subsequently added directly to Neurobasal media (Life Technologies. Grand Island, NY) at desired final concentrations. All final DMSO concentrations were ,2%. Within each experiment, all groups received equal concentrations of DMSO. Recombinant IGF-1 protein was purchase from PeproTech (Rocky Hill, NJ). Staurosporine was purchased from Tocris (Bristol, UK) and dissolved in 100% DMSO.
Cell Culture
Cortical neurons were harvested from E17-E19 SD rat embryos using our previously published methods that yielded ∼95% pure neuronal populations (Jackson et al., 2010) . Neuron populations were gender mixed (i.e., originating from both male and female tissues). In brief, embryonic brains were isolated, trypsinized, triturated, and seeded onto either 6-well or 96-well poly-D-lysine culture plates (BD Biosciences, San Jose, CA). Neurons were grown in Neurobasal media (Life Technologies) containing B27 supplement and maintained by 1/2 media exchange every 3-4 days. Cytosine arabinoside was added at day in vitro (DIV) 3 to prevent glial proliferation. Studies show that isolated embryonic neural cells rapidly adopt adult morphology and functional characteristics in culture (Brewer et al., 1993; Lin et al., 2002) . All experiments were performed between DIV6 and 12. Astrocytes were harvested using a previously published protocol (Verrier et al., 2011) . In brief, postnatal day 1-2 SD rat pup brains (sex mixed) were isolated, trypsinized, triturated, and seeded onto T-75 culture flasks. Cells were grown to 80-90% confluence in DMEM/ F12/10% fetal calf serum. After 1-2 propagations, astrocytes were seeded onto 6-well plates and grown to confluence for PHLPP KD experiments.
Viability Assay
CellTiterBlue. Neurons were injured by STS using previously reported methods (Jackson et al., 2013) . Briefly, cells were seeded onto 96-well plates at high density (1.5 Â 10 5 /well). At DIV10-12 maintenance growth media was replaced with 100 ml of drug treatment media (i.e., 1/2 conditioned growth media 1 1/2 fresh Neurobasal/B27) containing different concentrations of STS with or without experimental PHLPP inhibitors. After a 24-hour injury period, 20 ml CellTiterBlue reagent (Promega, Madison, WI) was added to each well. Viable neurons metabolize the CellTiterBlue reagent, and the resulting color change is detected using a a-Fusion Plate Reader (Packard/PerkinElmer, Waltham, MA). For astrocyte studies, cells were used at third passage and seeded onto poly-D-lysine coated 96-well assay plates. Astrocytes were grown to confluence over ∼48 hour. Confluent monolayers were treated with increasing doses of NSC45586 or NSC117079 for 24 hours (prepared in DMEM/F12/10% FBS; 100 ml/well). After 24-hour drug treatments, cells were
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incubated with 20 ml of CellTiterBlue reagent for 30 minutes to 1 hour and analyzed on a plate reader.
Calcein AM. Embryonic neurons were seeded onto LaboratoryTek II 8-well glass chamber slides at a density of 400,000 cells/well (Thermo Fisher Scientific, Pittsburgh, PA). Neurons were maintained in culture by half of media replacement every 3 days. Cytosine arabinoside was excluded in these experiments to allow astrocyte proliferation (i.e., mixed neuron/astrocyte cultures). At DIV8, DMSO or 50 nM STS 6 200 mM NSC45586 was added to cultures for 24 hours. On DIV9 neurons were washed twice with DPBS and subsequently incubated with 2 mM calcein AM (Life Technologies) for ∼10 minutes. Live cell images (10Â objective) were immediately captured using a fluorescent microscope. Images were collected from two different wells for each treatment group. Random images from each well were selected for analysis. Two boxes of equal size were randomly drawn in each image, in Photoshop, and green (live cells) counted (a white spot placed next to each cell to ensure counting accuracy). Total cell counts were averaged and graphed. For astrocyte studies, cells were seeded onto glass chamber slides. Approximately 48 hours later, astrocytes were incubated with NSC45586 or NSC117079 at the indicated concentrations for 24 hours. Cells were washed twice with DPBS and incubated with 2 mM calcein AM for ∼10 minutes, and images were captured using a florescent microscope.
Viral Production
Lentiviral vectors were produced using the pLK0.1 plasmid system, which contains a puromycin selection marker and a CMV expression promoter. In brief, viral packaging plasmids 1 pLKO.1 vector (with a subcloned PHLPP1 or PHLPP2 shRNA) were cotransfected into human embryonic kidney 293FT cells and grown on T-225 flasks. Virus-enriched growth media (DMEM/10% FBS) was collected 24 and 48 hours post-transfection. Media were passed through a 0.45-mm filter top system to remove cellular debris. Viral particles were concentrated first by centrifuging media through a Centricon Plus 70 filter unit (Millipore, Billerica, MA) and then a final spin in an ultracentrifuge (1.5 hour/24,000 rpm/4°C). The pellet (containing high titer virus) was resuspended in 25 ml of DMEM and portioned into aliquots into sterile vials. Virus was stored at 280°C until use. Neurons were transduced with virus on the day of isolation at a multiplicity of infection 30. Astrocytes were transduced at a multiplicity of infection 100 and subsequently puromycin selected. Cells were transduced with either nontargeting control or PHLPPtargeting vectors. We used the PHLPP1 targeting shRNA clones ID TRCN0000081362 and TRCN0000081359 (as previously published in neurons) and a PHLPP2 targeting shRNA clone ID TRCN0000082660 (Open Biosystems/Thermo Fisher Scientific, Pittsburgh, PA).
Western Blot
Cell extracts or brain tissues were harvested in radioimmunoprecipitation assay buffer prepared with EDTA, protease inhibitors, and phosphatase inhibitors. Samples were sonicated 20-30 seconds and spun with a tabletop ultracentrifuge (10 minutes/16,000 rpm/4°C). Protein concentrations were determined using the bicinchoninic acid assay (Pierce, Rockford, IL). Twenty micrograms protein per sample was loaded onto either 7.5 or 4-15% gradient precast SDS-PAGE TGX gels (BioRad, Hercules, CA) and run for 2 hours at 200 V. Electrophoresed proteins were transferred to polyvinyldifluoride membrane (∼1 hour/100 V/4°C). Blots were blocked in 7.5% milk for 1 hour. Primary antibodies were diluted in Tris-buffered saline 1 Tween-20. Phospho-AKT473, AKT total, phospho-ERK1/2, ERK1/2 total, a-tubulin, and glyceraldehyde 3-phosphate dehydrogenase were purchased from Cell Signaling Technology (Danvers, MA). PHLPP1 and PHLPP2 antibodies were purchased from Bethyl Laboratories (Montgomery, TX). Blots were incubated overnight at 4°C with primary antibodies, washed with Tris-buffered saline, incubated with goat anti-mouse/rabbit secondary antibodies for 2 hours, washed again, and developed using the ECL-2 Plus Western blot detection reagent (Pierce). Films were exposed to blots in a dark room, developed, and scanned for data analysis. Densitometry was obtained using UN-SCAN-IT software (Silk Scientific, Orem, UT). Graphs were built using PRISM software (GraphPad Software Inc., La Jolla, CA). Data were analyzed using Number Cruncher Statistical System (NCSS) statistical software (Saugus, MA).
Ventricular Fibrillation Cardiac Arrest-Induced Brain Injury
We made minor modifications to an established model of rat VF CA that reproducibly produces $70% hippocampal CA1 cell death at 1 week as described previously by Janata et al. (2013) . Adult SD rats (350-400 g) were anesthetized using 4% isoflurane in oxygen. A 14-gauge intravenous cannula was inserted into the trachea, and animals were connected to a ventilator (30% oxygen). Isoflurane was decreased to 2% (i.e., maintenance dose). Physiologic measurements were continually recorded throughout the procedure. These included electrocardiography, rectal/tympanic temperatures, and arterial and venous blood pressures (via fluid-filled catheters). A 12 V/50 Hz alternating current was continually applied via a jugular electrode pacing catheter over a 2-minute period to induce VF. CA was verified by electrocardiography (heart rate) and arterial blood pressure recordings. After a total of 6 minutes VF CA, cardiopulmonary resuscitation was initiated with chest compressions, mechanical ventilation (100% oxygen), epinephrine (0.02 mg/kg i.v.), and bicarbonate (1 mEq/kg i.v.). After 2 minute of cardiopulmonary resuscitation animals were defibrillated (5 J) and recovered for 1 hour. Sham-treated animals received the same anesthesia and surgical manipulations but were not subjected to VF CA. Sham-and VF CA-injured rats were killed 24 hours later by decapitation under deep anesthesia and brains were quickly isolated, and the hippocampi were dissected and snap-frozen in liquid nitrogen. Samples were stored at 280°C until homogenization for biochemical analysis of proteins.
Statistics
For dose-response studies AKT/ERK levels were normalized using glyceraldehyde 3-phosphate dehydrogenase expression, and intrablot values were set to the maximum number (i.e., for interblot comparisons). All data were graphed using PRISM (GraphPad Software Inc.) and analyzed with either analysis of variance (ANOVA) or unpaired t test using NCSS statistical software. For ANOVA, the NewmanKeuls multiple-comparison post hoc test was used to analyze group differences. Data were significant at P , 0.05. Graphs show mean 1 S.E.M.
Results
PHLPP1 Regulates AKT and ERK in Rat Primary Cortical Neurons
We previously reported that PHLPP1 KD activates AKT/ ERK in rat primary hippocampal neurons (Jackson et al., 2010) . Cortical neurons were employed to study PHLPP signaling in this study. Therefore we first verified that PHLPP1 KD also activates AKT/ERK in rat primary cortical neurons. Cells were transduced with lentivirus to deliver either control (i.e., nontargeting) or PHLPP1 targeting shRNAs at time of plating. On day in vitro 6 (DIV6) protein extracts were collected for Western blots. Consistent with prior observations, PHLPP1 KD potently increased basal AKT and ERK phosphorylation in cortical neurons (Fig. 1A) . We next tested if PHLPP1 KD protected cortical neurons from injury. Cells were seeded onto a 96-well plate and transduced with control or PHLPP1 KD vectors. Neuron viability was significantly higher 24 hours after STS injury in the PHLPP1 KD group (Fig. 1B) . Sierecki et al. (2010) showed that a 24-hour serum starvation (to investigate basal signaling conditions) followed by 35-minute drug treatment with NSC117079 or NSC45586 activated basal AKT in COS-7 cells. We adopted a similar treatment protocol for primary rat cortical neuron experiments. Neurobasal maintenance growth medium was replaced with fresh Neurobasal medium (without B27 supplement) to give a 2-hour supplement starvation. PHLPP inhibitors were diluted to final concentration in unsupplemented Neurobasal media 
PHLPP-PP2C Inhibitors Selectively Raise Basal AKT in Neurons
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and incubated on neurons for 35 minutes. PHLPP inhibitors increased basal neuronal AKT activation in a dose-dependent manner (Figs. 2 and 3 ). NSC117079 showed a tendency to elevate ERK phosphorylation (Fig. 2D ) but NSC45586 did not (Fig. 3D) .
Our previous work showed that neuronal PHLPP1 KD potentiates IGF-1 induced AKT phosphorylation, suggesting that PHLPP1 also inhibits the upper threshold of AKT activation (Jackson et al., 2010) . We next tested if NSC45586 potentiated IGF-1 induced AKT phosphorylation. Neurons were supplement starved 2 hours and subsequently treated for 35 minutes with 50 ng/ml IGF-1 in the absence (i.e., 0 mM NSC45586) or presence of increasing NSC45586 doses. NSC45586 dose dependently augmented IGF-1-induced AKT activation except at the highest concentration (Fig. 4) . The optimal concentration was 50 mM. At this dose pAKT473 maximally increased (Fig. 4B) but pERK was unaffected compared with controls (Fig. 4C) . Surprisingly NSC117079 did not potentate AKT activation. Rather it dose dependently inhibited AKT activation in the presence of IGF-1 and altered AKT total levels (Supplemental Fig. 1 ).
PHLPP Inhibitors Are Neuroprotective
We next tested if PHLPP inhibitors rescued neurons from cell death. Primary rat cortical neurons were seeded onto 96-well assay plates. Neurons were injured by 24-hour treatment with staurosporine (STS). All groups treated with STS showed a significant reduction in viability compared with respective uninjured controls (white bars). Furthermore, a 35-minute pretreatment with NSC45586 or NSC117079 failed to augment cell survival compared with injured (STS only) control (Fig. 5D) . In contrast, 24-hour cotreatment with NSC117079 or NSC45586 significantly increased viability compared with injured (STS only) controls (Fig. 5, A-C) . The neuroprotective effects were reproducible and more pronounced at lower STS injury levels (Fig. 5A ). CellTiterBlue viability results were supported by live cell counting. NSC45586 (200 mM) increased the number of live cells, as measured by calcein AM fluorescence, after 24 hour 50 nM STS injury (Supplemental Fig. 2) . NSC45586 (50 mM) only moderately protected against STS injury as measured by CellTiterBlue viability. However, it was the optimal concentration that induced AKT survival signaling in dose-response studies. Of note, acute AKT doseresponse studies were done under albumin-free treatment conditions (i.e., with unsupplemented Neurobasal media). We observed that 50 mM NSC45586 rapidly bound bovine serum albumin (2.5 g/l) in basal culture media (Supplemental Fig. 4) . Albumin-containing B27 supplement was required for 24-hour culture maintenance after STS injury and may have interfered with AKT activation at low dose NSC45586.
PHLPP Inhibitors Reduce AKT and ERK Activation in Astrocytes
We next tested PHLPP inhibitors on primary rat astrocytes under albumin-free treatment conditions (after a 2-hour serum starvation). The optimal AKT activating dose, empirically identified for neurons (50 mM), was tested in astrocytes. A 35-minute treatment with 50 mM NSC45586 or NSC117079 unexpectedly inhibited basal AKT and ERK phosphorylation (Fig. 6, A-D) . NSC45586 more potently inhibited AKT compared with NSC117079 (Fig. 6C) . Alternatively, NSC117079 more potently inhibited ERK compared with NSC45586 (Fig.  6D) . We next tested whether NSC45586 or NSC117079 reduced basal astrocyte viability. PHLPP inhibitors were prepared in fresh astrocyte growth media (DMEM/F12/10% FBS) and incubated for 24 hours. NSC117069 dose dependently inhibited basal viability as measured by CellTiterBlue metabolism (Fig. 6E) . In contrast, NSC45586 did not reduce viability across the 24-hour period (Fig. 6F) . Calcein AM florescence in astrocytes also revealed changes consistent with the CellTiterBlue results. NSC117079 induced a dosedependent loss of astrocytes as indicated by thinning of calcein AM fluorescence. Furthermore, NSC117079 altered cell morphology. Large diffuse cell bodies are typical of astrocyte monolayers (DMSO group). NSC117079 altered cell structure to an elongated shape with increasing drug concentrations (Supplemental Fig. 3 ).
PHLPP1 and PHLPP2 Differentially Regulate AKT and ERK in Astrocytes
To better understand the biochemical changes induced by PHLPP inhibitors in astrocytes, we next tested whether PHLPP1 or PHLPP2 KD could mimic the response. Primary rat astrocytes were transduced with lentivirus vectors, administered puromycin selection over 72 hours (i.e., to kill nontransduced cells) and harvested for protein analysis under 10% FBS growth conditions. Similar to observations in neurons, PHLPP1 KD activated AKT in astrocytes (Fig. 7, A and B). However, ERK was unaffected by PHLPP1 KD (Fig. 7 , A and C). We next tested whether PHLPP2 KD mimicked the effect of PHLPP inhibitors on astrocytes. PHLPP2 KD tended to decrease both AKT and ERK activation (although the results did not reach statistical significance; Fig. 7 , A, D, and E). The potential roles of PHLPP1 and PHLPP2 in neurons/ astrocytes are illustrated in Fig. 7F .
Effect of VF CA Induced Ischemia on AKT/ERK Targeting Phosphatases in the Hippocampus
It remains unclear what is the optimal in vivo PHLPP targeting strategy for brain injury (i.e., selective PHLPP1 inhibitors versus selective PHLPP2 inhibitors versus pan-PHLPP inhibitors). The hippocampus is a key brain region damaged by ischemia, particularly in transient global brain ischemia, as produced by CA and resuscitation in humans (Horstmann et al., 2010) . Ischemia-induced changes in hippocampal PHLPP levels have not been explored. We tested whether PHLPPs and their target kinases (AKT/ERK) were altered after global brain ischemia using a clinically relevant rat model of VF CA that we previously showed displays robust neuronal death in CA1 hippocampus (Janata et al., 2013) . Induction of CA was confirmed by monitoring heart rate (Supplemental Fig. 5 ) and mean arterial pressure (Supplemental Table 2 ). Physiologic parameters from the rats exposed to CA and shams are provided in Supplemental Table 1 . Hippocampal pAKT and pERK were robustly increased above noninjured levels 24 hours after a 6-minute 
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VF CA (Fig. 8) . Among five different brain phosphatases measured, only PHLPP1 significantly increased 24 hours after a 6-minute VF CA (Fig. 9, A and B) . PHLPP2 levels did not change (Fig. 9, A and C) . In contrast, three other phosphatases PTEN, PP1a, and PP2A all significantly decreased in the hippocampus 24 hours after a 6-minute VF CA (Fig. 9, A and D-F) .
Discussion
PHLPP Inhibitors Are Promising New Neuroprotective Agents
Here we characterized two different PHLPP inhibitors (NSC117079 and NSC45586) in primary rat cortical neurons and astrocytes. These agents reportedly target the PP2C phosphatase domain (i.e., the AKT regulatory domain) in PHLPP1 and PHLPP2. They do not inhibit the PHLPP-LRR domain (which is involved in K-RAS/ERK regulation). Consistent with this understanding, in neurons, both compounds activated basal AKT and reduced STS-induced cell death. Neither drug significantly increased basal ERK activation. However, at higher doses (50-100 mM), NSC117079 tended to elevate ERK phosphorylation in neurons while NSC45586 did not. Therefore, NSC45586 affected neuronal AKT/ERK signaling in a manner consistent with a predicted (selective) PHLPP-PP2C inhibitor. We also compared the effect of PHLPP1 KD on cortical neuron biochemistry. PHLPP1 KD (non-selectively) inhibits all functional domains; including the LRR domain which regulates ERK inhibition. Therefore, as expected, PHLPP1 KD activated both AKT and ERK in neurons. Furthermore, PHLPP1 KD was neuroprotective.
Inhibiting PHLPP1 by selectively targeting the PP2C domain may be an optimal therapeutic strategy for some types of acute brain injury. Studies show that ERK activation promotes neuronal death and worsens neurologic outcomes in ischemic (Ozawa et al., 1999; Lu et al., 2010) and traumatic brain injury (Raghupathi et al., 2003; Clausen et al., 2004; Lu et al., 2005) . PHLPP1 targeting strategies that decrease total protein levels may inadvertently promote cell death by freeing PHLPP1-LRR-mediated ERK inhibition (which in turn might induce deleterious ERK activation). PHLPP-PP2C inhibitors are thus potentially advantageous because they only activate AKT-mediated survival mechanisms. However, ERK activation may not be detrimental in all brain injury paradigms. PHLPP1 KO mice were recently shown to have reduced brain infarct volumes after stroke injury (Chen et al., 2013) . Administering an AKT inhibitor before ischemia completely reversed the protective KO phenotype. Thus, in this study, neuronal ERK activation (presumably upregulated in KOs) neither enhanced nor prevented neuroprotection in transgenic mice. To date, most studies have focused on the PHLPP1/AKT signaling axis. In addition, ERK activation may have beneficial effects on learning and memory independent of effects on neuronal death (Dash et al., 2002) . More studies are needed to better understand the consequences of ERK activation (as it relates to PHLPP1 inhibition) in the context of ischemic brain injury.
Limitations of NSC45586 and NSC117079
Both of the PHLPP inhibitors tested in this study reduced death of primary neurons. However, our results also reveal 
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some potential limitations of these compounds. NSC45586, which was the best PHLPP inhibitor in this study, avidly bound to bovine serum albumin. Protein binding might limit its use in vivo. This idea is supported by our in vitro studies. It took five times more NSC45586 (250 mM) to induce neuroprotection on the STS injury model (in the presence of B27 supplement, which contains albumin). However, NSC45586 induced maximal AKT activation at 50 mM in albumin-free experiments. Furthermore, our observations are consistent with Sierecki et al. (2010) , who used 250 mM NSC45586 to activate AKT in cells maintained under 5% fetal bovine serum. Alternatively, under serum/albumin-free conditions, they reported that NSC45586 increased basal AKT phosphorylation with an IC 50 of 70.6 mM. Thus, serum albumin binding may have hindered PHLPP antagonism in their experiments as well.
NSC117079 was also neuroprotective despite a less optimal biochemical profile; NSC11709 mildly upregulated ERK and blocked IGF-1-induced AKT activation at 50 and 100 mM.
Off-target effects may play a role. Sierecki et al. (2010) showed that 100 mM NSC117079 also inhibited protein phosphatase 1 (PP1) and protein phosphatase 2 Ca (PP2Ca) catalytic domains by ∼50%. Furthermore, NSC117079 was previously found to bind and modulate the G-protein bg subunit, IC 50 56 mM (Bonacci et al., 2006) . Gbg regulates PI3Kg activation (Schwindinger and Robishaw, 2001) , which can modulate the AKT/ERK pathways (Murga et al., 1998) . Finally, NSC117079 may also bind neuraminidase (Mai et al., 2010) , which regulates neuronal excitability and synaptogenesis (Isaeva et al., 2010) . A literature search did not uncover any non-PHLPP targets for NSC45586.
PHLPP1 Inhibition in Neurons versus Astrocytes: Implications on Cytoprotection
The biochemical changes induced by PHLPP inhibitors were markedly different in astrocytes than neurons. In astrocytes, both inhibitors blocked AKT/ERK phosphorylation. Furthermore, NSC117079 dose-dependently altered astrocyte morphology and reduced viability. In contrast, NSC45586 was not toxic to astrocytes. Their differential potencies for ERK inhibition may explain, in part, divergent effects on viability. ERK is a critical signaling kinase in astrocytes. It is intimately linked to survival, migration, and proliferation (Mandell and VandenBerg, 1999; Takuma et al., 2000; Lim et al., 2007) . NSC117079 more potently inhibited ERK, which may have blocked essential survival mechanisms in astrocytes.
We explored whether the unexpected biochemical effects of drug treatment on astrocytes was due to inhibition of novel PHLPP1 and/or PHLPP2 signaling mechanisms. To test this hypothesis, astrocytes were transduced with either PHLPP1 or PHLPP2 targeting vectors. PHLPP1 KD increased AKT but not ERK activation in astrocytes under serum growth conditions (i.e., 10% FBS). This is consistent with work of Chen et al. (2013) , who showed that astrocytes isolated from PHLPP1 KO mice had higher AKT but not ERK phosphorylation after acute IGF-1 stimulation.
PHLPP2 KD tended to decrease both AKT and ERK activation-similar to changes induced by PHLPP inhibitors. The results suggest that PHLPP2 promotes (or helps maintain) AKT/ERK phosphorylation in astrocytes. Inhibiting the AKT/ERK pathways in injured astrocytes may exacerbate cell death (Nawashiro et al., 2000; Gabryel et al., 2004) . The contribution of the death of astrocytes in brain injury is underappreciated and may be important (Zhao et al., 2003) . Because PHLPP1 KD activated AKT in both neurons and astrocytes, selective PHLPP1 inhibitors may be a much safer approach to target cell death in global ischemic brain injury.
The results also reveal an exciting (albeit unintentional) conceptual use for these PHLPP inhibitors. Spinal cord injury is characterized by neuronal death and reactive astrocyte proliferation. A major goal of therapy in that condition is to attenuate neuronal death (i.e., promote survival signaling in neurons) but simultaneously mitigate astrocyte proliferation (i.e., inhibit survival/growth signaling in astrocytes to limit glial scar formation). Thus, these PHLPP inhibitors are prime candidates for testing in spinal cord injury (Ito et al., 2009) . The role of the glial scar in ischemic brain injury is less well characterized but could also be important.
PHLPP1 Is a Key Phosphatase in Global Brain Ischemia
The hippocampus is highly vulnerable to damage by transient global ischemia (Horstmann et al., 2010) . VF CA is one of the most common causes of transient global brain ischemia in humans and is associated with long-term cognitive deficits in survivors (Mateen et al., 2011) . We tested if PHLPPs and their target kinases (AKT and ERK) change in the hippocampus after VF CA-induced ischemic brain injury. AKT and ERK phosphorylation were increased 24 hours after injury. Only PHLPP1 levels significantly increased 24 hours after VF CA. In contrast PHLPP2, PTEN, PP2A, and PP1a did not increase. Rather the latter three phosphatases all significantly decreased, which may have contributed to the increase in AKT/ERK activation. Decreased PP2A activity mediates increased ERK activation in the brain after asphyxia CA in rats (Ho et al., 2007) .
We do not yet know whether PHLPP1 protein levels increase predominantly in CA1 and/or at other hippocampal subregions after VF CA (total hippocampal homogenates were used for Western blot analysis in our studies). We also do not know which cell type(s) are involved. Measuring PHLPP1 by immunohistochemistry would normally be an appropriate experiment used to answer these questions. Unfortunately, recent studies show that commercially available PHLPP1 antibodies (including the one used in our work) crossreact with the unrelated protein b-catenin (Lobert et al., 2013) . At present, this confounds interpretation and analysis of (A) Western blots show changes in hippocampal pAKT473, AKT Total, pERK1/2, and ERK Total 24 hours after a 6-minute CA (n = 4/group). (B and C) Semiquantitative densitometry showing that pAKT473 and pERK1/2 significantly increase in the hippocampus after CA (n = 4/ group). Data were analyzed by unpaired t test. **P , 0.01. Graphs show mean + S.E.M. KDa, kilodalton.
Effect of PHLPP Inhibitors in CNS Cells
PHLPP1 regional/cellular distribution postischemia by immunohistochemistry. We also observed similar crossreactivity using a total of four PHLPP antibodies, precluding the use of immunohistochemical approaches in our studies (data not shown). Nevertheless, future studies should explore whether PHLPP1 upregulation is also induced by in vitro oxygen glucose deprivation. This model may help to distinguish (by Western blot) PHLPP1/AKT signaling changes in neurons, astrocytes, oligodendrocytes, and microglia postischemia.
Our observation that AKT activation is potentiated in the damaged ischemic brain is consistent with other studies (Namura et al., 2000; Endo et al., 2006; Miyawaki et al., 2009 ); although to the best of our knowledge, we are the first to report increased pAKT in a rat model of VF CA. Furthermore, recent studies found that AKT activation promotes PHLPP1 activity by preventing its degradation (Li et al., 2009 ), which may be a feedback loop. Therefore prolonged (24 hour) AKT activation in the VF CA injured hippocampus may cause PHLPP1 levels to increase via this feedback inhibitory mechanism (functioning to switch-off survival signaling). In primary neurons we found that 24 hour IGF-1 stimulation (a potent AKT activator) tended to raise PHLPP1 levels (Supplemental Fig. 6 ), suggesting that this potential signaling mechanism can be explored in the in vitro setting. Together our results suggest that some phosphatases may decrease activity in the hippocampus after VF CA and promote AKT survival signaling. In contrast, increased PHLPP1 may function to turn-off AKT and promote cell death. Therefore selective PHLPP1 inhibitors could be used to prolong endogenous AKT survival signaling after global brain ischemia (Fig. 10) .
Taken together, our mechanistic (in vitro) and observational (ex vivo) findings support the conclusion that pharmacological PHLPP targeting strategies (to treat ischemic brain injury) might be optimized by developing selective PHLPP1 inhibitors. Selective PHLPP1-PP2C inhibitors may be advantageous because 1) they will activate prosurvival AKT signaling in both neurons and astrocytes (Fig. 7F) but 2) avoid interrupting with PHLPP-mediated ERK inhibition in neurons, which limits prodeath ERK activation after VF CA (Fig. 10 ). This concept is further supported by recent studies showing that hypoxic preconditioning protects against global brain ischemia by simultaneously activating AKT while inhibiting ERK (Zhan et al., 2012) . Finally, prior studies in mice found that PHLPP1 overexpression in the hippocampus worsened performance on a learning and memory task (Shimizu et al., 2007) . Thus, our novel findings on increased PHLPP1 expression in the brain postinjury also suggest a potential approach to improve cognitive recovery (independent of neuronal death).
In summary, here we show for the first time that several PHLPP inhibitors activate AKT in primary neurons but inhibit it in astrocytes. Because PHLPP1 KD activates AKT both in neurons and astrocytes, future studies should focus on the development of highly selective PHLPP1 inhibitors. Finally, PHLPP1 levels increased in the hippocampus after VF CA-induced injury, which may serve to limit endogenous AKT neuroprotective mechanisms. Future studies are needed to explore if PHLPP1-PP2C catalytic activity increases proportionally to total protein levels after VF CA. Together the data support the need for further exploration of PHLPP1 as a key therapeutic target in global brain ischemia. Fig. 10 . Potential mechanism of increased PHLPP1 after CA and rationale for developing novel selective (PP2C domain targeting) PHLPP1 inhibitors. Inhibition of brain phosphatases contributes to increased kinase activation after cardiac arrest (Ho et al., 2007) . Consistent with prior reports we found that total protein levels of several endogenous AKT/ ERK inhibitors (herein referred to as Group 1 Phosphatases) decrease in our model of VF CA-induced brain injury. The decrease in Group 1 phosphatases coincided with increased AKT and ERK phosphorylation. Recent studies show that AKT activation promotes PHLPP1 stabilization and prevents its degradation (Li et al., 2009 ). Upregulation of Group 2 Phosphatases may function to turn-off kinase activation. PHLPP1 levels significantly increase along with AKT, potentially mediating feedback inhibition. Future development of selective (PP2C domain targeting) PHLPP1 inhibitors may prolong AKT activation after brain ischemia.
